Abstract-Single-carrier code-division multiple access (SC-CDMA), also named cyclic-prefix CDMA in the literature, is a promising air interface for the uplink of the 4G cellular wireless communication systems. It enables the high capacity intrinsically offered by CDMA by making the equalization of the multipath channels and the mitigation of the resulting interference possible at a low complexity. This paper proposes a new air interface that combines SC-CDMA with space-time block coding (STBC) across multiple transmit antennas in order to make the link more robust. Contrary to existing air interfaces that perform the STBC at the chip level, making them only applicable to the downlink, the STBC is performed at the symbol level, making it also applicable to the uplink. In order to optimally detect the different antenna and user signals, a linear joint detector optimized according to the minimum mean square error (MMSE) criterion is designed. By exploiting the cyclic properties of the channel matrices, the complexity of the joint detector is significantly reduced. Furthermore, it is shown analytically that the inter-antenna interference is canceled out at the output of the first stage of the linear MMSE joint detector, consisting of a matched filter. By space-time coding the signal through two antennas at each transmit mobile terminal, a significant gain in signal-to-noise-ratio can be achieved. However, the spatial diversity gain of the proposed system is limited by the multiuser interference (MUI), that is increasing with the user load. Higher complexity non-linear receivers are needed to better compensate the MUI and still benefit from the spatial diversity at high user loads.
I. INTRODUCTION
I N order to meet the high data rate and quality-of-service (QoS) requirements of the future broadband cellular systems, it is now widely accepted that multiple antenna techniques should be used in combination to newly designed air interfaces.
Cellular systems of the third generation (3G) are based on the direct-sequence code-division multiple access (DS-CDMA) technology [1] . DS-CDMA enables a high system capacity and offers interesting networking abilities, like soft hand-over between two neighboring cells. However, the system suffers from inter-symbol interference (ISI) and multiuser interference (MUI) caused by multipath propagation, leading to a significant loss of performance in typical outdoor environments. For this reason, the spectral efficiency of 3G DS-CDMA communication systems is very low.
In order to enable the design of low complexity transceivers that can cope with multipath channels while still benefiting from the good properties of DS-CDMA, next generation cellular systems could combine the DS-CDMA accessing scheme with the single-carrier block transmission (SCBT), also known as single-carrier (SC) modulation with cyclic prefix [2] , [3] . Similar to orthogonal frequency division multiplexing (OFDM), SCBT transforms a time dispersive channel into a set of parallel independent flat sub-channels that can be equalized at a low complexity. SCBT has been recognized as an interesting alternative to OFDM in the uplink, that could significantly reduce the terminal processing complexity (the inverse fast Fourier transform (IFFT) operator is moved to the receiver base station) as well as the constraints on the analog front-end (the peak-to-average power ratio (PAPR) is significantly reduced) [4] . When combining DS-CDMA with SCBT, the DS-CDMA signals are either spread within one block across the SC sub-channels, leading to single-carrier CDMA (SC-CDMA) [5] , [6] , or across the SCBT blocks, leading to single-carrier block-spread CDMA (SCBS-CDMA) [7] , [8] . SC-CDMA and SCBS-CDMA can be seen as the SC counter-parts of multi-carrier CDMA (MC-CDMA) [9] , [10] and multi-carrier block-spread CDMA (MCBS-CDMA) [11] , [12] , [13] , respectively. When the channels are constant over the time (or at least over one symbol block duration), SCBS-CDMA preserves the orthogonality among the users, regardless of the underlying multipath pattern. Perfect user separation is first obtained through low complexity code correlation, and followed by the equalization of the propagation channel in the frequency domain [7] , [8] . On the contrary, SC-CDMA does not preserve the orthogonality amongst the users in the presence of multipath propagation. In the downlink, a single-user detector is usually used, that consists of a chip equalizer to estimate the streams of chips by simple channel inversion in the frequency domain, and of a code correlator to separate the user signals [6] . In the uplink, however, advanced joint detection techniques have to be considered that jointly detect the user symbol blocks transmitted over different propagation channels. The complexity of the joint detector can still be significantly reduced by using the circulant properties of the channel matrices [5] . SCBS-CDMA entails a larger symbol latency than SC-CDMA, that makes it impractical in medium-to-high mobility cellular environments [14] .
Multiple-input multiple-output (MIMO) systems, which deploy multiple antennas at both ends of the wireless link, explore the extra spatial dimension, besides the time, frequency, and code dimensions, to significantly increase the spectral efficiency, and to improve the link reliability relative to single antenna systems. In this context, space-time block coding (STBC) has recently gained a lot of attention as an effective transmit diversity technique to combat fading in wireless communications. Orthogonal space-time (ST) block codes for two transmit antennas have first been introduced in [15] and later generalized to an arbitrary number of transmit antennas in [16] . The ST codes are initially designed for frequency flat fading channels. Therefore, the time reversal (TR) STBC technique is proposed in [17] as an extension of [15] to frequency selective channels. These designs have remarkably simple maximum-likelihood (ML) decoding algorithms based on linear processing at the receiver. In specific cases of two or four transmit antennas, these diversity schemes provide full and three-quarters of the maximum possible transmission rate, respectively [18] .
The combination of STBC with the SC-based air interfaces has only been addressed very recently. Papers [19] and [20] combine STBC with SCBS-CDMA. Since the SCBS-CDMA scheme is orthogonal in the users (both for uplink and downlink), deterministic ML user separation through lowcomplexity code matched filtering and ML ST multi-stream separation through linear decoding can be consecutively applied without any performance loss with respect to the optimal ML joint multi-user detector and ST block decoder. On the other hand, [21] and [22] apply STBC in the downlink of a SC-CDMA-based system (see the description in Figure 1 ). The TR STBC technique is applied at the chip level, on the signals resulting from the CDMA spreading, in order to improve the robustness of the estimation of the streams of chips at the receiver against channel fading. A cyclic-prefix (CP) is added at the transmitter before sending the signal through the channel, and removed at the receiver. The singleuser detector, intuitively composed of the counter-part of each operation at the transmitter, first performs the STBC decoding and the inversion of the channels, followed by the CDMA user despreading. Paper [23] shows that the system illustrated in Figure 1 can hardly be applied to the uplink because its performance is limited by the MUI. This paper combines STBC with SC-CDMA, considering the uplink of the communication system (see the description in Figure 2 ). Because the advanced joint detector required in the uplink does not rely on the preliminary estimation of the streams of chips, but instead, directly considers the joint estimation of the user symbols, the STBC scheme has to be applied at the symbol level, before the CDMA spreading, in order to improve the robustness of the estimation of the streams of symbols at the receiver against channel fading. At the receiver, a low complexity joint multi-user detector and ST block decoder, optimized according to the minimum mean square error (MMSE) criterion, is designed. A successive interference canceler (SIC), built based on the linear MMSE joint detector, is also considered. It is demonstrated that the proposed scheme preserves the orthogonality between the transmit antenna symbol streams and benefits from the spatial diversity offered by the use of multiple transmit antennas at the mobile terminals.
The paper is organized as follows. The transmitter model is presented in Section II. The STBC, CDMA spreading and single-carrier block transmission operations are successively detailed. A matrix model is defined in Section III, that relies on the circulant properties of the matrices resulting from the use of a cyclic prefix. The joint detector is designed in Section IV. Using a frequency domain representation, it is shown that the complexity of the receiver can be significantly reduced and that the inter-antenna interference can be totally canceled out, bringing the desired diversity gain. Finally the gain obtained by exploiting spatial and/or multipath diversity is quantified in Section V for outdoor channels.
In the sequel, we use single-and double-underlined letters for the vectors and matrices respectively. Matrix I N is the identity matrix of size N and matrix 0 M×N is a matrix of 
A. Space-time block coding For conciseness, we limit ourself to the case of N T = 2 transmit antennas and extend the STBC scheme proposed in [15] , [17] to the uplink of a SC-CDMA-based communication system. However the developments can be extended to any number of antennas, by using the orthogonal coding designs proposed in [16] .
The STBC technique is implemented by coding the two antenna streams across two time instants, as expressed in:
where i = n/2 . The coding matrix χ is the result of the Kronecker product of the two submatrices χ
NT
, that implements the simple Alamouti scheme across two antennas in flat fading channels [15] , and χ
B
, that implements the additional time-reversal permutation needed for time-dispersive channels [17] , as expressed in
They are defined as:
where F J is the size-J fast Fourier transform (FFT) matrix, given by:
It is easy to verify that the transmitted block at time instant n + 1 from one antenna is the time-reversed conjugate of the transmitted block at time instant n from the other antenna (with possible permutation and sign change). As we will show later, this property allows for deterministic transmit stream separation at the receiver, regardless of the underlying frequency selective channels.
B. CDMA spreading
As we have indicated in the introduction, SC-CDMA first performs classical DS-CDMA symbol spreading, followed by SCBT modulation, such that the information symbols are spread across the different SCBT sub-channels [5] , [6] .
With Q = BN and N the spreading code length, the Q × B spreading matrix, θ m , that spreads the symbols across the subchannels, is defined as:
with 
C. Cyclic-prefix addition
Finally, the K × Q transmit matrix, T , adds some transmit redundancy to the time-domain chip blocks: 
III. SYSTEM MODEL

A. Multipath propagation and blocking
After propagation through the different user channels, the signal is received at N R receive antennas. Adopting a discretetime baseband equivalent model, the chip-sampled received signal at antenna
, is the superposition of channel-distorted versions of the M N T transmitted user signals, which can be written as:
The additive white Gaussian noise (AWGN) at the base station antenna n R , w nR [n] , has a variance equal to σ 
where τ max,a is the maximum asynchronism between the nearest and the farthest user of the cell, and τ max,s is the maximum excess delay within the given propagation environment. In the sequel, we assume that the CP length has been chosen such that L ≥ L max .
Assuming perfect time and frequency synchronization, the received sequence, v nR [n] , is serial-to-parallel converted into the block sequence, v nR [n] :
T . From the scalar input/output relationship in (9), we can derive the corresponding block input/output relationship:
where [24] for a detailed derivation of the single-user case). The delay-dispersive nature of multipath propagation gives rise to so-called inter-block interference (IBI) between successive blocks, which is modeled by the second term in (10) .
The Q × K receive matrix, R, removes the redundancy from the chip blocks, that is,
, R again discards the length-L cyclic prefix. The purpose of the transmit T /receive R pair is twofold. First, it allows for simple block-by-block processing by removing the IBI, that is, R · H m nR,nT [1] · T = 0, provided the CP length to be at least the maximum channel order L max . Second, it enables low-complexity frequency-domain processing by making the linear channel convolution appear circulant to the received block. This results in a simplified block input/output relationship in the time-domain: 
B. Matrix model
In order to design the multi-user joint detector, a generalized matrix model of the system is necessary. We build first a matrix model that relates the STBC-coded symbols to the received samples at the different antennas, and extend it next to encompass the STBC coding.
The generalized input/output matrix model, that links the STBC-coded symbols to the received samples, is given by:
taking (7) into account. The vector of symbols is a vertical concatenation of the user and transmit antenna specific vectors of symbols (N T = 2):
T T with (13)
T T (14) for m = 1, · · · , M, and the received and noise vectors are a vertical concatenation of the receive antenna specific received and noise vectors:
The channel matrix is equal to:
in which each matrix H nR specific to the antenna n R is composed of M N T matrices specific to the user and transmit antennas, as defined in:
for n R = 1, · · · , N R and m = 1, · · · , M, and the CDMA spreading matrix is equal to:
The model (12) can be extended to the STBC input/output matrix model:
taking (1) and (2) into account. The vector of symbols is also a vertical concatenation of the user and transmit antenna specific vectors of symbols (N T = 2):
for m = 1, · · · , M. The received and noise vectors are formed by stacking the vectors corresponding to the first time instant on top of the conjugate of the vectors corresponding to the second time instant: (25) where i = n/2 . The channel and CDMA spreading matrices have been extended as given by:
Finally, we get:
in which the transfer matrix G stbc is the product of the channel, CDMA spreading and STBC matrices:
IV. RECEIVER DESIGN
A. Multiuser joint detection
In order to detect the transmitted symbol block of the p-th
, based on the received sequence of blocks within the received vector, y stbc [i], a first solution consists of using a single-user receiver, that inverts successively the channel and all the operations performed at the transmitter. The single-user receiver relies implicitly on the fact that CDMA spreading has been applied in addition to frequency domain equalization. However the single-user receiver fails in the uplink where multiple channels have to be inverted at the same time.
The optimal solution is to jointly detect the transmitted symbol blocks of the different users within the transmitted vector, d [i] , based on the received sequence of blocks within the received vector, y stbc [i] . The optimum linear joint detector according to the MMSE criterion is computed in [25] . At the output of the MMSE multiuser detector, the estimate of the transmitted vector is:
(31) The MMSE linear joint detector consists of two main operations [25] , [26] : 1) A filter matched to the composite impulse responses multiplies the received vector in order to minimize the impact of the white noise. The matched filter consists of the maximum ratio combining (MRC) of the different received antenna channels, the CDMA de-spreading, the STBC de-coding. 2) The output of the matched filter is still multiplied with the inverse of the composite impulse response auto-correlation matrix of size M N T B that mitigates the remaining inter-symbol, inter-user and inter-antenna interference. The linear MMSE receiver is different from the single-user receiver, and suffers from a higher computational complexity. Fortunately, both the initialization complexity, which is required to compute the MMSE receiver, and the data processing complexity can be significantly reduced by exploiting the initial circulant properties of the channel matrices. Based on a permutation and on the properties of the block circulant matrices given in [5] , it will be shown in the next sections that the initial inversion of the square auto-correlation matrix of size M N T B can be replaced by the inversion of B square auto-correlation matrices of size M N T .
B. Frequency domain representation
Any block-circulant matrix can be block-diagonalized based on FFT operations. In this section, the matrix H · θ is Considering the receive antenna n R specific part of the H·θ, a permutation matrix Υ of size M N T B × M N T B can be defined such that (see Figure 4) :
The role of the matrix Υ is to reorganize the order of the columns of 
for m = 1, · · · , M. The block circulant matrix Ψ nR can be decomposed according to [5] into:
where the matrices F (N ) and F (MNT ) are block Fourier transforms, defined as:
where F B is the orthogonal Fourier transform matrix of size B and I n is the identity matrix of size n (n equal to N or M N T ). The block-diagonal inner matrix Φ nR is equal to:
where the block-diagonal is found by dividing the result of the product
B).
By stacking the different receive antenna specific parts on top of each other, we get finally:
in which
C. Receiver structure
The MMSE multi-user joint detector (31) is simplified based on the factorization (38). Taking the matrix definitions (26), (27) and (28) into account, the inner product G H stbc · G stbc can be written as:
Equality (41) has been obtained by reorganizing the STBC matrix. The matrices Υ and F (MNT ) are unitary, so that the MMSE joint detector reduces to:
The inner matrix in (41) Time domain Frequency domain Inner product
that will multiply the output of the matched filter in order to mitigate the remaining inter-user interference.
As illustrated in Figure 5 , the receiver decomposes into the successive operations: 1) CP removal 2) Separation of the two time instant streams in two STBC branches, 3) FFT for frequency domain channel equalization, 4) MRC of the different receive antenna signals and CDMA code correlation, 5) STBC decoding by combining the two successive time instants, 6) Mitigation of the inter-user interference by multiplication with the inner matrix, 7) IFFT to go back to the time domain, 8) Permutation to arrange the result according to the symbol, transmit antenna and user indexes successively. The complexity required at the base station to compute the multiuser receiver during the initialization phase is given in Table I . The two main operations are detailed: computation of the inner matrix, inversion of the inner matrix. A significant gain of initialization complexity is achieved by computing the MMSE joint detector in the frequency domain (using the result (42)) instead of in the time domain (using the initial expression (31)).
The complexity needed during the data processing phase to receive each transmitted complex symbol block is further given in the Table II . While additional FFT and IFFT operations are required to move to the frequency domain and to come back to the time domain, the data processing complexity required to mitigate the inter-user and inter-antenna interference is lower in the case of frequency domain processing.
V. RESULTS
The diversity order of a multiple access channel where the users employ STBC across two transmit antennas is equal to the spatial diversity order 2N R (enabled by the use of 2 transmit antennas and N R receive antennas) times the multipath diversity order (enabled by the reception of multiple replicas of the signal through different propagation 
Time domain
Frequency domain Channel
paths) as demonstrated in [27] . In this section, we evaluate how the proposed system can exploit spatial diversity and multipath diversity. The gain obtained by exploiting the spatial or multipath diversity is limited by the interference (ISI and MUI) inherent to the system. We compare the spatial diversity gain obtained under different system configurations (1 or 2 antennas at each side of the link): single-input single-output (SISO) 1x1, STBC 2x1, MRC 1x2 and STBC+MRC 2x2. The multipath diversity gain is quantified by comparing the performance obtained in case of multipath propagation to the one obtained in case of single-path propagation. The system parameters are summarized in Table III . We consider a cellular system, which operates in an outdoor propagation environment modeled by channel model 4 of the 3GPP release 4. The channel is composed of two paths of the same amplitude and delayed by 976 ns. Each path is assumed to have a Rayleigh distribution. For mobile environments, a typical Jakes Doppler power spectrum has been assumed. The system operates at a carrier frequency of 2 GHz, with a system bandwidth of 5 MHz. The transmitted signals are shaped with a half-root Nyquist in order to limit the bandwidth. A roll-off factor equal to 0.2 has been assumed. The user signals are spread by periodic Walsh-Hadamard codes for spreading, which are overlayed with an aperiodic Gold code for scrambling. The spreading factor (SF) is equal to 8. The number of carriers is 64 and the cyclic prefix length is 16. A 16QAM constellation has been assumed. In order to not hide the spatial/multipath diversity gain by channel coding, all results are uncoded. Monte-Carlo simulations have been performed to average the bit error rate (BER) over 1000 stochastic channel realizations. The BER is determined as a function of the ratio E b /N 0 in which E b is the received bit energy averaged over the channels and N 0 is the one-sided noise power spectral density. Figure 6 illustrates the spatial and/or multipath diversity gain for the different system configurations when only one user is active in the system (lowest user load). Dashed curves represent the performance obtained in case of a single-path channel (no ISI, no MUI). Compared to the single-antenna system, STBC 2x1 and MRC 1x2 systems enable a spatial diversity gain of order 2. Because the BER is shown as a function of the received power, the 3 dB array gain obtained with MRC is hidden, and STBC 2x1 and MRC 1x2 perform equally well. When the two techniques are combined, the spatial diversity is of order 4. Solid curves represent the performance obtained in case of the two-path channel (ISI, no MUI). The MMSE linear joint detector succeeds in canceling most of the interference caused by the multipath channel so that the system is able to benefit also from the multipath diversity. It is observed that the single-antenna system (SISO 1x1) for a two-path channel has a performance comparable to the two-antenna systems (STBC 2x1, MRC 1x2) for a singlepath channel. Therefore the SISO 1x1 system benefits fully from the multipath diversity. The gain of the multiple antenna systems (STBC 2x1, MRC 1x2, STBC+MRC 2X2) is also significant for the two-path channel compared to the singlepath channel. However the remaining interference prevents the multiple antenna systems from fully benefiting from the diversity in the system (spatial and multipath) . As an example, the STBC 2x1 and MRC 1x2 systems for a two-path channel do not perform as good as the STBC+MRC 2x2 system for a single-path channel. Figure 7 illustrates the spatial and/or multipath diversity gain for the different system configurations when 8 users are active in the system (full user load). Dashed curves represent the performance obtained in case of a single-path channel (no ISI, no MUI). Because the users are fully orthogonal (synchronous CDMA), the performance achieved with this system is exactly the same as the performance achieved by the single-user system. Solid curves represent the performance obtained in case of the two-path channel (ISI, MUI). Due to the additional interference caused by the other users, the system is usually unable to benefit from the diversity offered by the multipath propagation. STBC 2x1 also loses a significant part of its spatial diversity gain with respect to MRC 1x2. Figure 8 compares the performance of SC-CDMA and SCBS-CDMA [19] , [20] for different user loads. In the case of a single-path channel, both systems are orthogonal in the users and perform equally well. In the case of a two-path channel, only the SCBS-CDMA system remains orthogonal in the users. When the user load is smaller than or equal to 6 users, SC-CDMA outperforms significantly SCBS-CDMA because it is better able to exploit the multipath diversity. When eight users are active in the system (full user load), the performance of SCBS-CDMA is higher than the one of SC-CDMA due to the MUI in the last system. Figure 9 further compares the performance of the two systems in a mobile environment. The BER obtained at E b /N 0 = 22 dB is illustrated as a function of the terminal speed. The number of users active in the system is equal to 4 (half user load) or 8 (full user load). The symbol block duration is much higher in case of SCBS-CDMA (SF times the FFT duration, times 2 in case of STBC) than in case of SC-CDMA (FFT duration times 2 in case of STBC). The SCBS-CDMA system is no longer orthogonal in case of time-varying channels. As a result, the performance of SCBS-CDMA is highly degraded at increasing speeds, while the performance of SC-CDMA is slightly changed. In the case of a half user load, the SC-CDMA system outperforms always the SCBS-CDMA system. In the case of a full user load, the SC-CDMA system outperforms only the SCBS-CDMA system at high speeds (higher than 120 km/h).
If there is only one user active in the system (lowest system load), STBC 2x1 and MRC 1x2 perform equally well. If there are 8 users active in the system (full system load), MRC 2x1 outperforms STBC 2x1 significantly. In case of STBC, it has been analytically proven that the inter-antenna interference of the user of interest is totally canceled out at the output of the matched filter. However, STBC still relies on the orthogonality properties of the CDMA codes and on the MMSE joint detector to handle the inter-antenna interference coming from the other users. The spatial diversity gain obtained by the use of STBC at the mobile terminals is limited by the MUI. On the contrary, MRC combines two independently faded versions of the received signal for each user without suffering from additional MUI coming from the other users. The spatial diversity gain obtained by the use of MRC at the base station is maximum. It is therefore interesting to investigate if more advanced receivers, capable of better compensating the MUI than the linear MMSE joint detector, would enable the STBC system to benefit also from the spatial diversity. As an example, we consider a SIC [28] built based on the linear MMSE joint detector. At each iteration, the signal of the most reliable user (in terms of estimated mean square error) is reconstructed and removed from the received signal. The process is followed until the last user is detected. The proposed SIC could be improved in many ways (remove a group of users at each step instead of only one user to tradeoff complexity and performance, use soft estimates instead of detected values to reconstruct the signal...). However it will be shown that the proposed SIC is able to compensate the MUI very efficiently. Figure 10 illustrates the impact of the number of active users on the STBC 2x1 system performance. When a linear MMSE joint detector is used, the STBC performance moves away from the MRC performance for an increasing user load, and comes closer to the single-antenna system performance. When a SIC is used, the MUI is close to be perfectly eliminated and the performance of the 4 and 8 user systems comes very close to the one of the single user system (convergence at high SNR values). Therefore, it is shown that both spatial and multipath diversity can be exploited when advanced detection techniques are considered.
VI. CONCLUSION
This paper proposes a new air interface for the uplink of a cellular wireless communication system, that relies on the combination of SC-CDMA and STBC across multiple transmit antennas. The newly proposed air interface applies the STBC on the symbol blocks, before the CDMA spreading. The linear joint detector needed to mitigate the inter-user and interantenna interference has been derived according to the MMSE criterion. By using the cyclo-stationarity of the channels, the initialization complexity and data processing complexity of the receiver have been significantly reduced. It has been further proven that the interference between the transmit antennas is completely canceled out at the output of the joint detector. Assuming outdoor frequency selective channels, the conditions under which the proposed system is able to benefit from the spatial and multipath diversity have been studied. At low user loads, the system is capable of benefiting from the diversity. However, it has been shown that MUI is strongly destructive and prevents the system from benefiting from the diversity at high user loads. A non-linear SIC, built based on the linear MMSE joint detector, is a suitable solution to mitigate the MUI.
